Introduction
Clinical trials of human gene therapy initially began with ex vivo techniques. The earliest efforts included a genemarking study of transfusion of autologous tumor-infiltrating lymphocytes, modified by retroviral transduction of a neomycin resistance gene, in advanced melanoma patients, starting in 1989, and a clinical trial of transfusion of peripheral autologous lymphocytes modified by retroviral transduction of the adenosine deaminase (ADA) cDNA, for treatment of patients with severe combined immunodeficiency (SCID) with ADA deficiency, starting in 1990 [1, 2] . The results of these studies demonstrated the feasibility and safety of retroviral transduction of target genes into peripheral T cells. In addition, the second study showed that transfusion of ADA gene-transduced T cells could confer clinical benefits and save the lives of ADA-SCID patients, who are at high risk of infectious disease.
Based on the initial successes of gene-therapy clinical trials, these new therapeutic approaches have spread worldwide. The number of gene therapy trials approved worldwide increased gradually starting in 1989, reaching 116 protocols per year in 1999, and, essentially, maintaining this rate thereafter. By 2015, a total of 2210 protocols had been approved. Accumulating clinical evidence has demonstrated the safety and benefits of several types of gene therapy. Currently, 78.1 % of 2210 protocols are at phase I or I/II (http://www.wiley.com/legacy/wileychi/genmed/ clinical/), but six gene therapy drugs have been approved in a limited number of countries [3] [4] [5] [6] [7] .
However, progress has decelerated due to the occurrence of serious adverse events in several clinical trials, including a fatal systemic inflammatory response syndrome in an ornithine transcarbamylase-deficient patient following intrahepatic arterial injection of adenoviral vector; acute Abstract Gene therapies are classified into two major categories, namely, in vivo and ex vivo. Clinical trials of human gene therapy began with the ex vivo techniques. Based on the initial successes of gene-therapy clinical trials, these approaches have spread worldwide. The number of gene therapy trials approved worldwide increased gradually starting in 1989, reaching 116 protocols per year in 1999, and a total of 2210 protocols had been approved by 2015 . Accumulating clinical evidence has demonstrated the safety and benefits of several types of gene therapy, with the exception of serious adverse events in several clinical trials. These painful experiences were translated backward to basic science, resulting in the development of several new technologies that have influenced the recent development of ex vivo gene therapy in this field. To date, six gene therapies have been approved in a limited number of countries worldwide. In Japan, clinical trials of gene therapy have developed under the strong influence of trials in the US and Europe. Since the initial stages, 50 clinical trials have been approved by the Japanese government. In this review, the history and current status of clinical trials of ex vivo gene therapy for hematological disorders are introduced and discussed.
lymphoid malignancy in four patients with X-linked severe combined immunodeficiency; and myelodysplasia with monosomy 7 in 2 patients with X-linked chronic granulomatous disease following peripheral-blood transplantation of retrovirally transduced autologous peripheral stem cells [8] [9] [10] . These painful experiences were translated backward to basic science. With the goal of preventing similar outcomes in the future, subsequent trials adopted new gene-transfer technologies, selection of appropriate patients, and close monitoring of patients after gene therapy [11] [12] [13] [14] .
In Japan, clinical trials of gene therapy have developed under the strong influence of trials in the US and Europe. Fifty clinical trials have been approved by the Japanese government, since the initial stages: gene therapy for an ADA deficiency patient was approved in 1995, and cancer gene therapies using GM-CSF and p53 genes were approved in 1998 [15] [16] [17] . There have been no remarkable adverse events reported in Japan. Of the 58 trials to date, 37 were for malignancies and 21 were for congenital or acquired non-malignant diseases (http://www.nihs. go.jp/mtgt/section-1/prtcl/prtcl-jn.html). These clinical trials have also been strongly supported by the Japan Society of Cell and Gene Therapy, which was established in 1995 (http://jsgt.jp/ABOUT-JSGT/about-jsgt1.html).
Gene therapies can be classified into two major categories, namely, in vivo and ex vivo [18] . Historically, ex vivo gene therapy has been the most widely adopted, because investigators can preliminarily check the safety and predict the efficacy of the gene-transduced target cells in vitro before administration of the therapeutic agents to patients. However, because serious adverse events have been reported, the long-term in vivo toxicity of ex vivo gene therapy must also be carefully considered [9, 10] . Ex vivo gene therapy can successfully treat many hematological disorders, including hematological malignancies. Therefore, in this review, we summarize the current status of ex vivo gene therapy for hematological disorders in Japan and around the world.
Ex vivo gene therapy clinical trials in Japan and around the world
Essentially, all congenital monogenic hematological and immunological disorders can be targeted by gene therapy. Historically, however, several hematological disorders have received the closest attention as target diseases for gene therapy clinical trials, largely because we have a great deal of biochemical information about their pathogenesis. In this review, clinical trials of gene therapy for congenital hematological and immunological disorders are introduced and discussed. Data from "Gene Therapy Clinical Trials Worldwide," provided by the Journal of Gene Medicine (http://www.wiley.com/legacy/wileychi/genmed/clinical/), were used to generate Tables 1 and 2 . Data from "List of Gene Therapy Clinical Study Protocols Approved in Japan" provided by the National Institute of Health Sciences, Japan (http://www.nihs.go.jp/mtgt/section-1/english/prtcle/prtcl-e.html), http://www.nihs.go.jp/mtgt/section-1/prtcl/ prtcl-jn.html were used to generate Table 3 .
Ex vivo gene therapy clinical trials for congenital hematological disorders in Japan and around the world
Since the first gene therapy of a monogenic disease, severe combined immunodeficiency due to ADA deficiency (ADA -SCID) was conducted safely and with clinical benefits [2] ; 209 clinical protocols for monogenic diseases have been approved as of July 2015. Almost half of the approved trials involve ex vivo gene therapy. The target diseases include ADA -SCID, X-linked severe combined immunodeficiency (SCID-X1), X-linked chronic granulomatous disease (X-CGD), hemophilia, Wiskott-Aldrich syndrome (WAS), mucopolysaccharidosis, cerebral adrenoleukodystrophy, sickle cell disease, thalassemia, metachromatic leukodystrophy, familial hypercholesterolemia, Gaucher disease, Fanconi anemia, purine nucleoside phosphorylase deficiency, leukocyte adherence deficiency, gyrate atrophy, JAK3 deficiency, and epidermolysis bullosa. In Table 1 , the outlines of clinical trials of primary immunodeficiencies (PIDs) and hemoglobinopathies are presented.
PIDs are a heterogeneous group of monogenic conditions caused by altered innate and/or adaptive immune responses. More than 260 disorders involving more than 300 gene mutations have been reported, and these numbers continue to increase due to improved diagnostic modalities for immune system, the introduction of genome-wide association studies, and the next-generation sequencing technologies. Patients' phenotypes range from asymptomatic to manifestation of life-threatening conditions, including various forms of severe combined immunodeficiency (SCID) [19, 20] . Below, the results of clinical trials for ADA -SCID, SCID-X1, CGD, and Wiskott-Aldrich syndrome are introduced and discussed.
Severe combined immunodeficiency due to ADA deficiency (ADA - 
SCID)
Inherited ADA deficiency causes a range of phenotypes, the most severe of which is SCID presenting in infancy, usually resulting in early death. Ten-to-fifteen percent of patients have a delayed clinical onset starting at 6-24 months of age, and a smaller percentage of patients have later onset, diagnosed between the age of 4 years and adulthood. The latter patients exhibit less severe infections and [20] . Enzyme activity is highest in lymphoid tissues, particularly the thymus. The lack of ADA results in accumulation of toxic purine metabolites, causing lymphocytes to undergo apoptosis during differentiation and selection. Enzyme replacement therapy (ERT) with polyethylene glycol-modified bovine ADA is clinically useful but non-curative. To achieve a definitive cure, hematopoietic stem cell transplantation (HSCT) from an unaffected, matched sibling donor is the treatment of choice. however, the effects required multiple rounds of T-cell infusions and were not sufficient to alleviate the requirement for ERT, although the dose could be reduced [2, 22] . To develop a longer lasting source of ADA-expressing T cells, the ADA gene was retrovirally transduced into hematopoietic stem cells, including bone marrow cells, BM CD34+ cells, and umbilical cord blood CD34+ cells, and infused into patients. These results demonstrated the feasibility of hematopoietic cell gene therapy using a gamma retrovirus vector. The level of ADA expression, however, was not sufficient to confer significant clinical benefits [21] [22] [23] [24] . Several strategies were adopted to overcome these problems: optimization of gene transduction methods, non-myeloablative preconditioning with busulfan or melphalan to create space in the bone marrow, and discontinuation of ERT around the time of reinfusion of gene-modified stem cells [19, 21] . Nine out of ten ADA -SCID patients treated with gene therapy after non-myeloablative preconditioning with busulfan maintained lasting immune reconstitution, and eight and five of the ten were able to discontinue ERT or intravenous immune globulin, respectively, emphasizing the importance of non-myeloablative preconditioning for discontinuation of ERT [25] [26] [27] .
More than 40 ADA -SCID patients have been with gamma-retroviral ADA gene therapy in the US and Europe, and 100 % of these patients survived. Furthermore, unlike other PIDs, such as X-SCID, X-CGD, and WAS, no severe adverse events related to insertional mutagenesis have been reported in any of these patients, despite equivalent vector design and integration profiles similar to those seen in other trials [21, 28] . Clonal analysis of long-term repopulating cell progeny in vivo revealed highly polyclonal T-cell populations and shared retroviral integration sites among multiple lineages, demonstrating the engraftment of multipotent HSCs [29] . ADA enzyme production may cross-rescue ADA-deficient lymphocytes, thus placing less replicative stress on the gene-corrected cells [21] . To achieve safer gene therapy for ADA -SCID patients, current trials have adopted self-inactivating HIV-1-based lentiviral vectors. Lentiviral vectors are pseudotyped with the vesicular stomatitis virus glycoprotein, which uses the broadly expressed low-density lipoprotein receptor for cell entry and thus achieves broad-cell tropism. At least 30 ADA -SCID patients have been treated with lentiviral vectors in the US and the UK. Excellent immune reconstitution has been achieved in these patients, with no vector-related complications [21] .
In Japan, the first gene therapy for an ADA -SCID patient was initiated in 1995. The patient, a 5-year-old Japanese male, received periodic infusions of retrovirally ADA gene-transduced autologous T cells. The percentage of peripheral-blood lymphocytes carrying the transduced ADA gene remained stable at 10-20 % during the 12 months since the fourth infusion. ADA enzyme activity in the patient's circulating T cells, which was barely detectable before gene transfer, increased to levels comparable to those of a heterozygous carrier individual, and was associated with increased T-cell counts and improvement in the patient's immune function. In 2003-2004, two ADA -SCID patients, including one who received T-cell gene therapy, safely received retrovirally ADA gene-transduced autologous bone marrow CD34+ cells without any cytoreductive conditioning after discontinuation of ERT. Partial recovery of immunity due to moderate systemic detoxification was achieved, allowing temporary discontinuation of ERT for 6 and 10 years in patients 1 and 2, respectively. Vector integration-site analyses confirmed that hematopoiesis was reconstituted by a limited number of clones, some of which had myelo-lymphoid potential. These results emphasize that cytoreductive conditioning is important for achieving optimal benefits from SCGT [30] (Table 3) .
X-linked severe combined immunodeficiency (SCID-X1)
X-linked severe combined immunodeficiency (SCID-X1) is caused by mutation in the gene encoding the gamma subunit of the interleukin-2 receptor (γc), a key subunit of the cytokine receptor complex for interleukin (IL)2, IL4, IL7, IL9, IL15, and IL21. Common γc deficiency is the most frequent genetic form of SCID, accounting for 50-60 % of cases, and is typically characterized by an absence of [31] . SCID-X1 is a lethal condition that can be cured by allogeneic stem cell transplantation. Between 1999 and 2002, the first ex vivo gene therapy was conducted in France, using retrovirally common γc gene-transduced CD34+ bone marrow cells. The patients in this trial were 10 SCID-X1 boys without HLA-identical stem cell donors. Immune functions, including normalization of the numbers and phenotypes of T cells, the repertoire of T-cell receptors, and the in vitro proliferative responses of T cells to several antigens after immunization, persisted for up to 2 years after treatment [32] . Subsequently, a similar study was initiated in the UK. A total of 20 patients were enrolled and successfully treated with ex vivo-transduced CD34+ cells without any conditioning regime [33] . In the US, five older patients were treated with a similar protocol. Functional reconstitution, however, was not achieved in those patients, probably due to loss of thymic function by the time gene therapy was initiated. The promising results in France and the UK were subsequently hampered by the occurrence of lymphoid malignancies. Five patients developed acute T-cell leukemia; four entered remission after standard chemotherapy, but one died. All of the leukemias were associated with viral integration in oncogenes; in four of the cases, the integration occurred in LMO2. The enhancer activity of the viral LTR was the most likely cause of the initial aberrant expression of these oncogenes and dysregulation of the cell cycle; subsequent accumulation of additional genetic abnormalities, such as associated rearrangements in BMI1, CCND2, and NOTCH1, led to frank leukemic transformation [34] . In the French cases, transduced T cells were detected for up to 10.7 years after gene therapy. Seven patients, including three of the leukemia survivors, exhibited sustained immune reconstitution, whereas the three others required immunoglobulin-replacement therapy. Sustained thymopoiesis was established by the persistent presence of naive T cells, even after chemotherapy, in three patients. The T-cell receptor repertoire was diverse in all patients. Transduced B cells were not detected. Correction of immunodeficiency improved the patients' health. After nearly 10 years of follow-up, gene therapy had corrected the immunodeficiency associated with SCID-X1. Gene therapy is considered to be an option for patients who do not have an HLA-identical donor for HSCT and for whom the risks are deemed acceptable; the treatment is associated with a risk of acute leukemia [35, 36] . Patients who underwent gene therapy also demonstrated a clear advantage in terms of T-cell development relative to patients who underwent HSCT with a mismatched donor; moreover, patients treated with gene therapy exhibited faster T-cell reconstitution and better long-term thymic output. Interestingly, this advantage of gene therapy relative to haploidentical HSCT seemed to be independent of the presence of clinical graft-versus-host disease in the latter condition [37] . Parallel trials in Europe and the US evaluated treatment with a self-inactivating (SIN) γ-retrovirus vector containing deletions in viral enhancer sequences expressing γc (SIN-γc). All of the patients, nine boys with SCID-X1, received bone marrow-derived CD34+ cells transduced with the SIN-γc vector, without cytoreductive conditioning. After 12.1-38.7 months of follow-up, seven of the boys exhibited recovery of peripheral-blood T cells that were functional and led to resolution of infections. The patients remained healthy thereafter. The kinetics of CD3+ T-cell recovery was not significantly different from those observed in previous trials. Assessment of insertion sites in peripheral blood from patients in the current trial revealed significantly less clustering of insertion sites within LMO2, MECOM, and other lymphoid proto-oncogenes than in the previous trials. Thus, the modified γ-retrovirus vector is a safer method for treatment of SCID-X1 than the first-generation Moloney murine leukemia virus vector expressing γc [13] . The gamma chain of the human IL-2 receptor was originally cloned in Japan in 1992 [38] . Gene therapy using a γ-retrovirus vector expressing the gamma chain of the human IL-2 receptor was approved in Japan in 2002. The clinical trial was not started, however, because lymphoid malignancy arose in French patients in 2002.
X-linked chronic granulomatous disease (X-CGD)
Chronic granulomatous disease is a genetically heterogeneous immunodeficiency disorder resulting from an inability of phagocytes to kill microbes that they have ingested. This impairment in killing is caused by any of several defects in the phagocyte nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (phox) complex, which generates the microbicidal 'respiratory burst', patients carrying mutations in subunits of NADPH oxidase suffer from defects in neutrophil function (http://www.omim.org/). The fully assembled NADPH oxidase, which consists of the cytosolic phox proteins (p47 phox , p67 phox , and p40 phox , respectively, encoded by NCF1, NCF2, and NCF4), translocated to the membrane-bound flavocytochrome (gp91 phox and p22 phox , respectively, encoded by CYBB and CYBA), leads through a series of reactions to the production of reactive oxygen species (ROS), which are essential for phagocytic killing of invading microbes. Mutations in CYBB, which encodes gp91phox, lead to the X-linked form of this disease; these mutations account for 60-80 % of all CGD patients in most European countries, North America and Japan. The next most common form, representing about one-third of cases, is an autosomal recessive disease resulting from mutations in NCF1 (encoding p47phox) on chromosome 7. CGD patients are susceptible to recurrent and severe bacterial and fungal infections, notably Staphylococcus and Aspergillus, and are also affected by inflammatory complications in the lungs and gastrointestinal and genitourinary tracts. Conventional therapy involves a broad regimen of antifungals, antibiotics, anti-inflammatory medications, and HSCT, but its effectiveness is limited [34, 39, 40] .
Initial trials of ex vivo gene therapy for X-CGD were conducted in the US in 1995 and 1998, targeting p47 phox and gp91 phox deficiency, respectively, using gamma-retroviral vectors to transduce granulocyte colony stimulating factor (G-CSF)-mobilized CD34+ HSCs without any cytoreductive conditioning. A total of 10 patients were involved. In both trials, only transient production of ROS-producing neutrophils was detected, and no remarkable long-term clinical benefits accrued [34, [39] [40] [41] .
Subsequent clinical trials in Germany used gamma-retroviral vectors to transduce granulocyte colony stimulating factor (G-CSF)-mobilized CD34+ HSCs after a nonmyeloablative conditioning regimen. Two adult patients exhibited substantial gene transfer to neutrophils, leading to a large number of functionally corrected phagocytes and notable clinical improvement. Large-scale analysis of the distribution of retroviral integration sites in both individuals revealed activating insertions in MDS1-EVI1, PRDM16, or SETBP1 that influenced regulation of long-term hematopoiesis by enhancing gene-corrected myelopoiesis 3-4-fold. Thus, gene therapy in combination with bone marrow conditioning was successfully used to treat CGD, an inherited disease affecting the myeloid compartment [42] . Subsequently, a total of 13 patients were treated in similar manner, and transient clinical benefits due to gene transfer were observed [10, 34, [43] [44] [45] [46] [47] . Three patients, including two adults, exhibited a temporary increase in gene-marked neutrophils followed by the clearance of infections. However, insertional mutagenesis occurred due to integration into the MECOM (MDS/EVI1 complex) and PRDM16 oncogene loci, and transactivation by the viral SFFV LTR was similar to that observed in SCID-X1 patients. Two adults with fatal outcomes exhibited silencing of transgene expression due to methylation of the viral promoter, and myelodysplasia with monosomy 7 due to insertional activation of ecotropic viral integration site 1 (EVI1). Forced overexpression of EVI1 in human cells disrupts normal centrosome duplication, linking EVI1 activation to the development of genomic instability, monosomy 7, and clonal progression toward myelodysplasia [34, 46] . The frequency of these adverse events highlighted the fact that only gp91phox-transduced cells with gain-of-function events could persist in patients who underwent ex vivo gene therapy using LTRdriven retrovirus vectors [18] . Moreover, ectopic expression of the gp91phox transgene and the highly activated bone marrow environment caused by X-CGD patients' chronic infections was thought to promote the loss of gene-corrected cell engraftment. To increase the safety and efficacy of the gene therapy for X-CGD patients, subsequent trials adopted self-inactivating gamma retrovirus (SIN-γRV) and lentiviral vectors (SIN-LVs) with an internal promoter and a fully myeloablative conditioning regimen (12-16 mg/kg busulfan), prior to gene therapy. The vector currently under evaluation in multicenter trials is an SIN-LV configuration with a chimeric promoter consisting of myeloid-specific Cathepsin G and c-Fes regulatory elements; this promoter element allows preferential expression in myeloid cells and differentiated granulocytes [28, 48] .
In Japan, a clinical trial for gene therapy to treat X-CGD was first performed in 2014. This trial, in a 27-year-old man, used a gp91 phox gamma-retroviral vector in autologous G-CSF-mobilized CD34+ HSCs after busulfan conditioning. The patient received 3.9 × 10 8 CD34+ cells, including 76.8 % of gp91phox-expressing cells. Although clinical symptoms of lymphadenitis and CGD-colitis improved until day 95 of transplantation and no genotoxicity was observed, the number of gene-transduced cells was decreased to about 0.1 % of neutrophils at day 182 probably due to the reduction of gene-modified CD34+ stem cells. At present, gene therapy was considered to be useful as a short-term treatment for CGD patients who had no HLA-matched donor for HSCT [49] .
Other ex vivo gene therapies for hematological and non-hematological congenital disorders
Wiskott-Aldrich syndrome (WAS) is a rare, complex, X-linked recessive PID disorder caused by mutations in the WAS gene that encodes the WAS protein (WASp). WAS is characterized by recurrent infections, microthrombocytopenia, eczema, and elevated risk of autoimmune manifestations and tumors. WASp is a key regulator of actin polymerization in hematopoietic cells, and contains domains involved in signaling, cell locomotion, and immunologicsynapse formation. The complex biological features of this disease result from multiple dysfunctions in different subgroups of leukocytes, including functional defects in T and B cells, disturbed formation of the NK-cell immunologic synapse, and impaired migratory responses in all leukocyte subgroups. Severe WAS leads to early death from infection or bleeding. Currently, the only curative therapy involves allogeneic HSCT, which is itself associated with considerable risk of death or complications related to transplantation. Therapy with WAS gene-corrected autologous HSCs, thus, represents a valid alternative approach for patients lacking a suitable donor or those who are more than 5 years old [18, 50] .
The first gene therapy for WAS was conducted in Germany in 2006; the trial involved two patients. Sustained expression of WASp in HSCs, lymphoid and myeloid cells, and platelets after ex vivo gene therapy was achieved using autologous CD34+ HSCs transduced with gamma retroviral vector after non-myeloablative preconditioning. T and B cells, natural killer (NK) cells, and monocytes were functionally corrected. After treatment, the patients' clinical condition markedly improved, with resolution of hemorrhagic diathesis, eczema, autoimmunity, and predisposition to severe infection. Comprehensive insertion-site analysis revealed vector integration that targeted multiple genes controlling growth and immunologic responses in a persistently polyclonal hematopoiesis [50] . Subsequently, 10 patients with severe WAS were treated using the HSC gene therapy. Nine of the ten patients exhibited sustained engraftment and correction of WASp expression in lymphoid and myeloid cells and platelets. Gene therapy resulted in partial or complete resolution of immunodeficiency, autoimmunity, and bleeding diathesis. Analysis of retroviral insertion sites revealed >140,000 unambiguous integration sites and a polyclonal pattern of hematopoiesis in all patients soon after gene therapy. Seven patients developed acute leukemia [one with acute myeloid leukemia (AML), four with T-cell acute lymphoblastic leukemia (T-ALL), and two with primary T-ALL with secondary AML associated with a dominant clone; vector integration occurred at LMO2 (six T-ALL), MDS1 (two AML), or MN1 (one AML) locus]. Thus, LMO2-driven leukemogenesis is not specific for X-SCID gene therapy, but is also seen in WAS gene therapy. Cytogenetic analysis revealed additional genetic alterations, including chromosomal translocations. This study showed that hematopoietic stem cell gene therapy for WAS is feasible and effective; however, the use of γ-retroviral vectors was associated with a substantial risk of leukemogenesis [51] .
In 2010, three WAS patients in Italy received bone marrow-derived CD34+ cells genetically modified with an SIN lentiviral vector encoding functional WASp after a reduced-intensity conditioning regimen. All three patients exhibited stable engraftment of WASp-expressing cells and improvements in platelet counts, immune functions, and clinical scores. Vector integration analyses revealed highly polyclonal and multilineage hematopoiesis resulting from the gene-corrected HSCs. Lentiviral gene therapy did not induce selection of integrations near oncogenes, and no aberrant clonal expansion was observed after 20-32 months [52] . Between 2010 and 2014, seven WAS patients in France and England received a single infusion of CD34+ cells genetically modified with an SIN lentiviral vector. Six of the seven patients were alive at the time of last followup and exhibited sustained clinical benefit. One patient died 7 months after treatment due to a preexisting drug-resistant herpes virus infection. Eczema and susceptibility to infections resolved in all six patients. Autoimmunity improved in five patients. No severe bleeding episodes were recorded after treatment, and at last follow-up, all six surviving patients were free of blood product support and thrombopoietic agonists. Hospitalization days were reduced from a median of 25 days during the 2 years before treatment to a median of 0 days during the 2 years after treatment. All six surviving patients exhibited high-level, stable engraftment of functionally corrected lymphoid cells. The degree of myeloid cell engraftment and of platelet reconstitution correlated with the dose of gene-corrected cells administered [53] . No evidence of vector-related toxicity was observed either clinically or by molecular analysis in either of these clinical trials using SIN lentiviral vectors, although long-term follow-up is still required [52, 53] .
Ex vivo gene therapy for congenital diseases other than PIDs has also been developed. Sickle cell disease (SCD) and β-thalassemia major (β-TM), the latter defined clinically as transfusion-dependent cases regardless of the underlying genotype, are the most common monogenic disorders worldwide, with approximately 400,000-affected conceptions or births each year. Over the past 8 years, clinical trials have evaluated gene therapy by ex vivo lentiviral transfer of a therapeutic β-globin gene derivative (β(AT87Q)-globin) into hematopoietic stem cells, driven by cis-regulatory elements that confer high, erythroidspecific expression. β(AT87Q)-globin is used as both a strong inhibitor of HbS polymerization and a biomarker. While long-term studies are underway in multiple centers in Europe and in the US, proof-of-principle of efficacy and safety has already been obtained in multiple patients with β-TM and SCD [54] .
LG001 and HGB-205 were the first gene therapy studies worldwide to treat β-TM and SCD subjects, respectively, achieving the first conversion to long-term transfusion independence of a β-TM patients and the first evidence of clinical benefit in SCD [54, 55] . An SIN lentiviral vector expressing HPV569 β(AT87Q)-globin was used in the LG001 trial. Four β-TM patients were enrolled, 3 of whom were treated between 2006 and 2011. Transduced cells successfully engrafted in two of them. The HPV drug product was well tolerated, with no non-hematologic or drug product-related serious adverse events. One of the two treated patients receiving no backup cells exhibited clinical benefits as evidenced by transfusion independence for approximately 8 years. Integration-site analysis revealed the relative dominance of a clone bearing the vector in intron 3 of the HMGA2 gene, which reached a maximum representation of 30 % of transduced myeloid cells 15 months after gene therapy. The BB305 SIN lentiviral vector was the second generation of the HPV569, lacking the cHS4 insulator, and exhibited elevated vector titers and transduction efficiency. Several clinical trials using BB305 had been initiated in France, two separate international, and USA for β-TM and SCD patients [54] .
The following two ex vivo gene therapies are for nonhematological diseases, but HSCs were used as therapeutic vehicle. First, X-linked adrenoleukodystrophy (ALD) is a severe brain demyelinating disease in boys that is caused by a deficiency in the ALD protein, an adenosine triphosphate-binding cassette transporter encoded by the ABCD1 gene. ALD progression can be halted by allogeneic hematopoietic cell transplantation (HCT). An ex vivo gene therapy trial for two ALD patients without any matched donors was initiated in 2005. Lentivirally ABCD1 gene-transduced autologous CD34+ cells were reinfused into the patients after fully myeloablative preconditioning. Over a span of 24-30 months of follow-up, polyclonal reconstitution was observed, suggesting successful gene transduction into HSCs. Beginning 14-16 months after infusion of the genetically corrected cells, progressive cerebral demyelination in the two patients stopped, a clinical outcome comparable to that achieved by allogeneic HCT. Thus, lentiviralmediated gene therapy of HSCs provided clinical benefits in ALD [56] .
Second, metachromatic leukodystrophy (MLD) is an inherited lysosomal storage disease caused by arylsulfatase A (ARSA) deficiency. Patients with MLD exhibit progressive motor and cognitive impairment and die within a few years of symptom onset. Three presymptomatic patients who exhibited genetic, biochemical, and neurophysiological evidence for late infantile MLD received lentivirally ARSA gene-transduced HSCs. After receiving the genecorrected HSCs, the patients exhibited extensive and stable ARSA gene replacement, which led to high enzyme expression throughout hematopoietic lineages and in cerebrospinal fluid. Analyses of vector integrations revealed no evidence of aberrant clonal behavior. The disease did not manifest or progress in the three patients for 7-21 months beyond the predicted age of symptom onset. These findings suggested the clinical usefulness of lentiviral gene therapy for MLD patients [57] .
Ex vivo gene therapy clinical trials for hematological malignancies in Japan and around the world
Ex vivo gene therapy clinical trials for hematological malignancies have been primarily performed to enhance host immune function in patients who could not receive stem-cell transplantation due to a lack of appropriate donors, who relapsed, or who were refractory to standard chemotherapies ( Table 2) . As recent advances in gene therapy using the receptor gene-modified T-cell therapy are excellently reviewed by Davila ML and Sadelain M in this special issue, in the following, we will discuss immune therapy using suicide gene-transduced donor lymphocytes and gene-modified tumor vaccines.
Suicide gene therapy
The most effective and established cell therapy approach is allogeneic HSCT, which is currently the only cure for patients with several high-risk hematological malignancies. Alloreactive T cells induce potent graft-versus-tumor effect (GvT) and also trigger detrimental graft-versus-host disease (GvHD). Gene therapy technology allows T cells to exert the GvT effect, while avoiding or controlling GvHD.
Herpes simplex virus thymidine kinase (HSV-TK) is the suicide gene most extensively tested in humans. Expression of HSV-TK in donor lymphocytes confers sensitivity to the anti-herpes drug ganciclovir (GCV). Progressive improvements in suicide genes, vector technology, and transduction protocols have ameliorated the toxicity of GvHD, while preserving the antitumor efficacy of allogeneic HSCT. Several clinical trials in the last 20 years documented the safety and the efficacy of the HSV-TK approach and established its important role in cellular therapy against cancer. Recently developed gene therapies have improved immune effector cell survival, homing, function, safety, and specificity using high-avidity tumor-reactive T-cell receptors (TCRs) or chimeric antigen receptors, and suicide gene therapy has been reappraised with the goal of avoiding or controlling the toxic effects induced by these innovative therapies [58] .
After the successful administration and long-term detection of retrovirally gene-modified Epstein-Barr virus (EBV)-specific T cells in the US [59] , eight Italian patients who relapsed or developed EBV-induced lymphoma after T-cell-depleted BMT were treated with donor lymphocytes retrovirally transduced with the HSV-TK suicide gene. The transduced lymphocytes survived for up to 12 months, and exerted antitumor activity in five patients. Three patients developed GvHD, which was effectively controlled by ganciclovir-induced elimination of the transduced cells. These data suggested that genetic manipulation of donor lymphocytes increased the efficacy and safety of allo-BMT and expanded its application to a larger number of patients [60] . Based on these initial clinical trials, several groups around the world have exploited suicide gene therapy to control T-cell reactivity in the context of allogeneic HSCT. The major advantage of this approach is that the donor T cells permanently acquire sensitivity to the prodrug GCV, allowing donor T-cell alloreactivity to be selectively eliminated without the administration of immunosuppressive drugs that might interfere with the natural process of posttransplant immune reconstitution. In the TK suicide gene/ prodrug system, only alloreactive gene-modified T cells that proliferate actively during GVHD are killed by GCV, whereas resting transduced T cells and untransduced cells are spared. TK gene therapy has proven to be safe, with no documented adverse events related to the gene-transfer procedure, including appearance of replication-competent retroviruses or genotoxic effects of vector integration [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] .
Based on these promising results, the safety and efficacy of suicide gene-modified donor T cells were tested in the more challenging condition of haploidentical HSCT. In this setting, the risk of GvHD is particularly high due to the immunological disparity between donor and host [58, 61] . In a phase I/II, multicenter, non-randomized trial of haploidentical stem-cell transplantation, and retrovirally HSV-TK-transduced donor lymphocytes (TK cells) were administered after transplantation. The primary study endpoint was immune reconstitution, defined as circulating CD3+ count ≥100 cells per μL in two consecutive observations. Fifty patients received haploidentical stem-cell transplants for high-risk leukemia. Immune reconstitution was not recorded before infusion of TK cells. Starting 28 days after transplantation, 28 patients received TK cells; and 22 patients achieved immune reconstitution (median, 75 days from transplantation and 23 days from infusion). Ten patients developed acute GVHD and one developed chronic GVHD, which were controlled by the induction of the suicide gene. Overall survival at 3 years was 49 % for 19 patients who were in remission from primary leukemia at the time of stem-cell transplantation. After TK-cell infusion, the last death due to infection was at 166 days, and this was the only infectious death after day 100. No acute or chronic adverse events related to the gene-transfer procedure were observed [72] .
In candidates for haploidentical stem-cell transplantation, infusion of TK cells was considered to be effective in accelerating immune reconstitution, while controlling GVHD and protecting patients from late mortality [72] . TK cells played an active role in supporting a thymic-dependent pathway of immune reconstitution, which resulted in maturation and differentiation of donor hematopoietic precursors in the recipient thymus. This process was especially remarkable, because the cohort consisted of adults with a median age of 51, a stage of life usually characterized by low thymic output. Thus, infusion of genetically modified donor T cells after HSCT can drive recovery of thymic activity in adults, leading to immune reconstitution [61, 72, 73] . The HSV-TK strategy is currently under evaluation in a phase III clinical trial in patients undergoing haploidentical HSCT for high-risk acute leukemia. Preliminary results of this ongoing trial confirmed the potential clinical benefit of the T-cell gene-transfer technology integrated with T-cell depletion haploidentical HSCT, and highlighted the role of early immune reconstitution as a surrogate endpoint for survival outcomes and the dose-related antileukemic effects of TK [58] .
An inducible T-cell safety switch based on the fusion of human caspase 9 to a modified human FK-binding protein, allowing conditional dimerization, was recently developed. When exposed to a chemical inducer of dimerization (CID), the inducible caspase 9 is activated, leading to the rapid death of cells expressing this construct [74] . Alloreplete haploidentical T cells expressing the inducible caspase 9 suicide gene could reconstitute immunity posttransplant, and administration of CID could eliminate these cells from both peripheral blood and the central nervous system (CNS), leading to rapid resolution of GVHD and GVHD-associated cytokine release syndrome [75] . The safety and efficiency of repeated CID treatments for persistent or recurring toxicity from T-cell therapies have also been demonstrated [76] . This approach was considered to be useful for the rapid and effective treatment of toxicities associated with infusion of engineered T lymphocytes [75, 76] .
In Japan, clinical trials designed to examine the feasibility, safety, and efficacy of donor lymphocyte infusion (DLI) of TK cells were approved in 2002 and 2009. DLI of TK cells was safely performed in a total of eight patients. However, these TK cells disappeared rapidly, probably due to their insufficient in vivo expansion in these patients [77, 78] . A comparison of onset with remission of acute GVHD confirmed that TK cells were predominantly eliminated and that proliferative CD8(+) non-TK cells were also depleted in response to ganciclovir administration. The TCR Vβ-chain repertoire of both TK cells and non-TK cells changed markedly after administration of ganciclovir. In addition, whereas the TCR repertoire of non-TK cells returned to a normal spectratype long after transplantation, that of TK cells remained skewed. With the long-term prophylactic administration of acyclovir, TK cells expanded oligoclonally, and the frequency of splice variants of TK cells increased. Known cancer-associated genes were not evident near the oligoclonally expanded HSV-TK insertion sites [78, 79] .
Gene-manipulated leukemia cell vaccines
Both autologous and allogeneic whole tumor cells were clinically developed as another form of cellular vaccine for cancer. The advantage of using the whole tumor-cell approach is that the tumor antigens do not have to be prospectively identified, and multiple antigens can be simultaneously targeted. Cytokine-expressing whole tumor cell approaches, including GM-CSF-expressing cells (GVAX), have been extensively clinically investigated in the context of solid tumors [15, 80] . Here, we briefly discuss clinical trials of GVAX for hematological malignancy.
Although allogeneic HSCT affords durable clinical benefits for many patients with hematologic malignancies, mediated via the GvL effect, patients with high-risk acute myeloid leukemia (AML) or advanced myelodysplasia (MDS) often relapse, underscoring the need to intensify tumor immunity within this cohort. In a phase I clinical trial, high-risk AML or MDS patients were immunized with irradiated, autologous, GM-CSF gene-transduced cells early after allogeneic, and non-myeloablative HSCT. Despite the administration of a calcineurin inhibitor as prophylaxis against GVHD, vaccination elicited local and systemic reactions that were qualitatively similar to those previously observed in non-transplanted, immunized solid-tumor patients. While the frequencies of acute and chronic GVHD were not elevated, nine of ten who completed vaccination achieved durable complete remissions, with a median follow-up of 26 months. Six long-term responders exhibited marked reductions in the levels of soluble NKG2D ligands, and three exhibited normalization of cytotoxic lymphocyte NKG2D expression as a function of treatment. These results established the safety and immunogenicity of irradiated, autologous, GM-CSFsecreting leukemia cell vaccines early after allogeneic HSCT, and raised the possibility that this combinatorial immunotherapy might potentiate GvL effects in patients [81] . In a phase II study of immune gene therapy, autologous leukemia cells admixed with GM-CSF-secreting K562 cells were administered to adult patients with acute myeloid leukemia. "Primed" lymphocytes were collected after a single pre-transplantation dose of immunotherapy and reinfused with the stem cell graft. Fifty-four subjects were enrolled; 85 % achieved complete remission; and 52 % received pre-transplantation immunotherapy. For all patients who achieved complete remission, the 3-year relapse-free survival (RFS) rate was 47.4 %, and overall survival was 57.4 %. For the 28 immunotherapy-treated patients, the RFS and overall survival rates were 61.8 and 73.4 %, respectively. Post-treatment induction of delayedtype hypersensitivity reactions to autologous leukemia cells was associated with a higher 3-year RFS rate (100 vs 48 %). Minimal residual disease was monitored by the quantitative analysis of Wilms tumor-1 (WT1), a leukemia-associated gene. A decrease in WT1 transcripts in blood was noted in 69 % of patients after the first immunotherapy dose, and was also associated with a higher 3-year RFS (61 vs 0 %). Immunotherapy in combination with primed lymphocytes and autologous stem cell transplantation showed encouraging signs of potential activity in acute myeloid leukemia [82] .
A pilot study was performed to determine whether K562/ GM-CSF immunotherapy could improve clinical responses to imatinib mesylate (IM) in patients with chronic myeloid leukemia (CML) in cytogenetic but not molecular complete remission. Nineteen patients, with a median duration of previous imatinib mesylate therapy of 37 months, were vaccinated. Mean PCR measurements of BCR-ABL for the group decreased significantly following vaccination. A progressive decline in disease burden was observed in thirteen patients, of whom eight had increasing disease burdens before vaccination. Twelve patients, including seven subjects who became PCR-undetectable, achieved their lowest tumor burden measurements following vaccination. Thus, the K562/GM-CSF vaccine improved molecular responses in patients on imatinib mesylate, including achievement of complete molecular remissions, despite long durations of previous imatinib mesylate therapy [83] .
Conclusion
Ex vivo gene therapies have been gradually developing, and seem to lead the gene and cell therapies. The large quantities of information obtained during the translation of preclinical findings regarding ex vivo gene therapies to clinical trials facilitated the development of new modalities for the treatment of congenital intractable diseases and hematological malignancies. Particularly for congenital diseases, newly developed gene-editing technology, excellently reviewed by Voytas and Tolar in this special issue, will unquestionably change current gene therapy approaches using autologous HSCs [84] . In the case of malignancies, the recent development of gene-modified T-cell technologies, including chimeric antigen receptors and immune checkpoint inhibitors, will change the gene therapy modality for treatment of solid tumors as well as hematological malignancies [85, 86] .
In Japan, expedited approval system consisting of conditional and time-limited authorizasion based on two laws known as the "The Act on the Safety of Regenerative Medicine" and the "Pharmaceuticals, Medical Devices and Other Therapeutic Products Act" has been introduced to approve new regenerative medical products, including ex vivo gene therapy since 2014. Under the traditional approval process, long-term data collection and evaluation in clinical trials for regenerative medical products were needed. New separate approval process, however, will make it possible for the regenerative, including ex vivo gene therapy medical product obtain conditional, time-limited approval, if an exploratory clinical trial predicts likely clinical benefit [87] . This new act would accelerate the development of ex vivo gene therapy in Japan.
Needless to say, further clarifications of the pathogenesis and molecular mechanisms of intractable congenital disorders and hematological malignancies, as well as further development of gene-transfer technologies, are required to achieve our goal of ideal gene therapy.
